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I. INTRODUCTION
SiF is an important intermediate radical in the etching of silicon by fluorinated gases in semiconductor fabrication. I ,2 Resonance enhanced multiphoton ionization (REMPI)3 via the C" 2l:+ (4pa) and C,211 (4p1T) Rydberg states of SiF have been shown to be a useful diagnostic tool for detection of SiF radicals resulting from surface reactions associated with these etching processes. 4 ,5 Since these ion signals were not rotationally resolved, the associated electronic structure and photoionization dynamics were not well explored. Studies of rotationally resolved REMPI ion spectra could clearly be helpful in the use of this technique as a diagnostic tool for detection of SiF radicals in etching plasmas.
In this paper, calculated rotationally resolved photoelectron spectra for one-color REMPI of SiF via the B 2l: + (4sa), C" 2l:+ (4pa), and C' 2n (4p1T) Rydberg states are reported. The resulting spectra and underlying photoionization dynamics are illustrated and compared with the photoelectron spectra measured by Viswanathan et al. 6 in one-color REMPI of NO via the A 2l;+ (3sa), D 2l;+ (3pa), and C 2 11 (3p1T) states. An unusual I1N=N+ -N' =0 peak was observed in the ion spectra for (2+ 1) REMPI via the D (3pa) state of NO (Ref. 6 ). Here N+ and N' are the rotational quantum numbers of the ionic and intermediate states exclusive of spin, respectively. This I1N = ° peak has been subsequently interpreted as arising from strong I mixing and the presence of Cooper minima in the ionization continua. 7 A Cooper minimum was also predicted to occur in photoionization of the C (3p1T) state but not in the A (3sa) state of NO. In this paper Cooper minima are predicted to occur in photoionization of the B ( 4sa) and C" (4pa) states but not in the C' (4p1T) state of I) Contribution No. 8650.
SiF. The role played by these Cooper minima in the ion rotational spectra is also discussed.
Here we choose the same REMPI processes and rotational branches used by Viswanathan et al. 6 in their studies of the A, D, and C states of NO. These are (1 + 1) REMPI via the R 22 (21.5) rotational branch of the B 2l:+ (4sa) state of SiF, (2+1) REMPI via the S21(11.5) rotational branch of the C" 2l:+ (4pa) state of SiF, and (2+1) REMPI via the Q21 (13.5) rotational branch of the C,211 (4p1T) state of SiF. Angle-integrated photoionization cross sections are reported along with photoelectron spectra for the laser polarized parallel and perpendicular to the flight direction of the photoelectron. To provide further insight into the photoionization dynamics, we also present photoelectron angular distributions.
II. THEORY AND CALCULATIONAL DETAILS

A. Differential cross section
The REMPI processes via the B 2l;+ (4sa), C" 2l;+ ( 4pa), and C' 2n (4p1T) Rydberg states of SiF can be summarized as follows:
For linearly polarized light, ionization originating from each of the (2J o + 1) magnetic sublevels of the initial state forms an independent channel under collision-free conditions. The rotationally resolved differential cross sections for ionization out of a J rotational level of the resonant intermediate state can be expressed in terms of Legendre polynomials as
where CT is the total cross section, f3 2L the asymmetry parameters, e the angle between the photoelectron and the polarization vector of the laser, P 2L (cos e) the Legendre polynomials, and LIlJBX = 2 for the B state and 3 for the C" and C' states. In Eq. (2) 
where JV is a normalization constant and n = 1 for the B state and 2 for the C" state. The rotational line strength B for single and multiphoton (n = 2 and 3) excitation of diatomic molecules has been given by Wang and McKoy.13 The photoelectron signal detected along the polarization direction of the laser is given by f30 + f32 + f34 + f3 6 and the perpendicular signal by f3o-Y32+W34-ft/36 with f3 6 =0 for a (1+1) REMPI process.
Parity selection rules 11 ,13-15 govern changes of rotational angular momentum upon photoionization. In the Hund's case (b) limit, they have been previously derived and are of the form 11 , [13] [14] [15] AN+I+Ap+Aq=odd, (5) where Ap=p+ -p, Aq=q+ -q 
where AJ=J+ -J and AS=S+ -So In Eq. (6), J denotes the total angular momentum and S the total spin. To obtain the photoelectron orbitals we have used an iterative procedure, based on the Schwinger variational principle,20,21 to solve the Lippmann-Schwinger equation. In this procedure, the static-exchange potential is approximated by U(r,r') = L (rl Ulai)(U-1)ij(ajl Ulr'), (7) ij where the matrix U-1 is the inverse of the matrix with elements Uij= (ail UI a) and the a's are the discrete basis functions such as Cartesian or spherical Gaussian functions. U is twice the static-exchange potential with the long-range Coulomb potential removed. The basis sets used in the separable expansion of Eq. (7) are listed in Table I . The Lippmann-Schwinger equation with this separable potential U(r,r') can be readily solved and provides approximate photoelectron orbitals cPkO). These solutions can be iteratively imprOVed to yield converged photoelectron orbitals cPk to the Lippmann-Schwinger equation containing the full static-exchange potential. In these studies, four iterations provided converged results.
B. Numerical details
All matrix elements arising in the solution of the Lippmann-Schwinger equation were evaluated by using single-center expansions about the center of mass. For converged results, the following parameters were used: 20 ,21 (i) maximum partial wave expansion of the photoelectron continuum orbital=9;
(ii) maximum partial wave expansion of bound orbitals in the direct potential = SO; (iii) maximum partial wave expansion of the la, 2a, 3a, 4a, Sa, 6a, 7a, 9a, lOa, l1r, 21T, and 41T bound (iv) maximum partial wave expansion of 1!r12 in the direct and exchange terms = SO and 40, respectively; (v) maximum partial wave expansion of the nuclear potential = 80.
The radial integration grid extended to 64 a.u. and contained 800 points. The integration step sizes ranged from 0.01 to 0.16 a.u. up to 16 a.u. and up to 0.16 a.u. beyond this point.
III. RESULTS AND DISCUSSION
A. (1 + 1) REMPI via the B 21:+ Rydberg state
To understand the underlying photoionization dynamics of rotationally resolved photoelectron spectra, it is useful to examine the angular momentum composition of the photoelectron matrix element. Figure 1 Figure 1 also shows unexpectedly strong even angular momentum components in the photoelectron matrix elements for both the ka and k1T channels. Since the 4sa orbital has strong s (79%) character, a dominant p wave component would be expected on the basis of an atomiclike picture. Although the 4sa orbital of the B state has about 19% p character, which contributes to the even partial waves of the photoelectron, these large even-wave contributions arise primarily from strong angular momentum mixing in the electronic continuum brought about by the nonspherical molecular ion potential. Note that the SiF+ core has a large dipole moment of 3.39 D, with respect to the center of mass. rotational branch. The calculated spectra are convoluted with a Gaussian detection function having a full-width at half-maximum (FWHM) of 1 meV. We recognize that such spectral resolution can generally not be achieved in conventional photoelectron detection. However, we chose this resolution merely to illustrate the photoionization dynamics and compare with those for photoionization of NO. 6 Rotationally resolved spectra may be achieved by choosing rotational branches with higher J or using zerokinetic-energy (ZEKE) detection and we believe the underlying dynamics will be similar. The photoelectron kinetic energy is about 1.43 eV. In addition to the expected AN = even transitions, unusual AN = odd (especially AN = ± 1) transitions are predicted. On the basis of the parity selection rule of Eq. (5) these odd AN transitions arise from even I contributions to the photoelectron matrix element. This behavior simply reflects the extraordinarily strong sand d waves in the electronic continua (see Fig.  1 ). Note that these unexpected AN =odd transitions would be more evident in ZEKE measurements since the effect of the Cooper minimum in the d wave of the kTT' continuum [ Fig. 1 (b) ] should be less pronounced at threshold. On the other hand, strong AN =0 and weaker AN = ± 1, ± 2 transitions are observed for photoionization .c:: ----------- ..... weaker. This difference is also reflected in the photoelectron angular distributions and can be accounted for by the contributions to the photoelectron matrix element. These peaks are entirely molecular in origin since predominantly even partial waves would be expected in an atomiclike picture for photoionization of a 4prr orbital; (3) the AN = -2 transition of the ee line and the AN = I of the ff line arise mainly from higher even partial wave contributions. This is evident from the photoelectron angular distributions; and ( 4) a AN = 0, ± 2 propensity for the ee line and a AN = ± 1 propensity for theffline, as expected for photoionization of a 4prr orbital. On the other hand, the photoelectron spectra via the C 2n (3prr) state of NO reveal no asymmetry in its spectra and no nonatomiclike transitions in a similar REMPI process.
7 Closer comparison of the I D} -) I for both systems shows stronger p and/waves and no Cooper minimum in the C' 2n state of SiF. These difference may be responsible for the asymmetrical behavior in the photoelectron spectra here.
Unlike the large A-doublet splitting in the C 2rr state of NO, the separation between the Q21 ( 13.5) ee and ff rotational lines for the C' 2rr state of SiF is beyond the laser resolution. Figure 8 shows the calculated rotational branching ratios and associated photoelectron angular distributions resulting from (2+ I) REMPI of SiF via the Q21 (13.5) rotational branch assuming that the contributions from ee and ff rotational lines are not resolved. Again, asymmetrical spectra are seen with the most intense peak corresponding to !IN=0 (N+=14). Each rotational ..... 
